This paper compares holistically the mechanical and environmental performance of basalt fibre reinforced polymer (BFRP) rebar against conventional steel rebar in concrete beams. This assessment involves material testing and life cycle assessment (LCA). The results show that BFRP tendons in reinforced concrete beams are stronger and lighter than steel with a better environmental profile and fewer embodied emissions, as fewer material and energy resources are required during production. The future market is expected to be within the precast industry, rather than in on-site construction, as precast BFRP concrete beams have approximately half the emissions of steel reinforced concrete beams.
Introduction
In recent years, the use of fibre reinforced polymer (FRP) composite materials has been rapidly growing across numerous industries, for example the aerospace, automobile, marine, and construction industries [1] . Currently, a large proportion of industrial goods and mechanical parts are made from FRP composite materials as opposed to aluminium or steel. More specifically, the application of FRP is gaining acceptance, mainly because of its non-corrosive nature, high specific strength, high specific stiffness, and lower specific weight relative to conventional steel [1, 2] . Within the building sector, the adoption of FRP has been somewhat slower. In the last couple of decades, FRP materials have been used in retrofitting construction materials [1] such as, concrete beams [3] and masonry walls [4] . Nevertheless, FRP used as reinforcement bars, has found a place in the construction market, in terms of replacing traditional steel reinforcement [1, 2] . Further research and the development of guidelines for FRP reinforcements will support this transition, and will eventually open up new markets for potential FRP applications.
Glass fibre is the most widely used FRP material, because of its low cost and long-established availability on the market [5, 6] . However, manufacturers claim that carbon fibres are gaining a larger share, [7] insofar as carbon fibres are much stiffer than glass fibres, and have elastic modules identical to those of steel [5] . Another type of fibre that has gained popularity in the last two decades is basalt fibre [6, [8] [9] [10] . Various manufacturers have employed this fibre because of its low cost, high ecological compatibility during the production process, and functional properties [8] [9] [10] [11] . The density of basalt (2600 kg/m 3 ) is approximately one third of the density of steel (7680 kg/m 3 ), which means BFRP is a lighter, stronger construction material compared to steel. It is expected that these mechanical properties will have implications on the environmental performance of BFRP as a construction material. Furthermore, it is easier and cheaper to produce basalt fibres, compared to other fibre types such as glass fibre [10, 12] . A previous study estimates the energy required for basalt fibre production to be around 5 kWh/kg in an electric furnace, whilst the energy required to produce steel is around 14 kWh/kg [13] . It is expected that this disparity in energy consumption will have an impact on the environmental performance of BFRP. BFRP reinforcement bars are therefore a promising material in concrete as a replacement for steel reinforcement bars [8-10, 14, 15] .
Basalt fibre was originally developed in the Soviet Union during the 1960's to 1980's [6, 10] . Today, basalt fibre fabrication is mainly situated in Russia and China, with basalt mines located mainly in the Ukraine [6] . Few producers are situated in Western Europe. Basalt rock is principally composed of silica, alumina, with lime, magnesium oxide and ferric oxide found in lesser percentages [10] . For fabrication of continuous basalt fibre (CBF), the quantity of each material needs to be controlled [11] . Mineralogically speaking, basalt is primarily constituted of the minerals plagioclase, pyroxene and olivene [16] . To create basalt fibre, the basalt rock is mined and crushed into basalt fractures. Batches of basalt fractures are sorted and mixed in order to achieve the desired composition. These blended fractures are then melted in a furnace [10] . Once the basalt fractures are heated to an optimal temperature of between 1400 -1600°C, the molten basalt is extruded into continuous filaments with a diameter of 12-18µm [17] . CBF may be formed into chopped basalt fibre strands, basalt fabrics, basalt wires or meshes, which can then be used in a wide range of application areas [10] .
In order to convert the fibres into BFRP tendons, the CBF is glued together with resin. In some cases, sand is glued to the BFRP rebar surface to give a higher level of cohesion between the BFRP rebar and concrete. The total proportion of resin varies from 20 to 40% of the total product volume, and differs from manufacturer to manufacturer. However, epoxy resin is typically used [18] . The BFRP rebar is then pre-stressed to up to 50% of its ultimate strength, prior to inclusion in the concrete beam. BFRP tendons have a tensile strength in order of 1000 -1300 MPa. In comparison, steel reinforcement has a tensile strength of around 500 MPa. The elastic module of basalt fibre is much lower than steel, of around 70 GPa [19, 20] . One of the main advantages of using BFRP as a strengthening material in concrete is that it is non-corrosive [21] . This property is advantageous in structures under severe attack from salty or damp environments, for example, the top layer of reinforcement in bridge decks, in concrete floors in multi-storey car parks, groundwork and foundations, or structures located by the coast. In conventional houses, BFRP bars offer the possibility of reducing the amount of concrete required, and may allow for thinner concrete members because of the strength and corrosion-resistant properties of basalt, which requires less passivating layers of concrete to limit the transport of oxidants towards the reinforcement bars. This may also in turn lead to a reduction in material consumption. Reduced material consumption will lead to a reduction in embodied energy and material emissions. On the other hand, the elastic module for BFRP tendons is much lower than that for steel. This disadvantage leads to excessive deformation at service limit state compared to steel bars, if the same cross-section area is used [14, 15, 18] . However, compared to steel, basalt fibre does not exhibit yielding during tension. The BFRP material is purely elastic. A relaxation test of the BFRP reinforcement bars has been ongoing at SEL since 2013. Reykjavik University estimate an expected final relaxation value of 6% after 50 years. This estimation is similar to glass fibre bars.
It should be noted that the effect of concrete admixtures in BFRP and steel rebar in concrete beams is outside the scope of this paper. However, it is expected that if the concrete is stronger with a larger cement content, than the BFRP rebar section will also be stronger, similar to the effect seen in steel reinforced concrete beams. A consequence of using a higher cement content is higher embodied emissions. It is acknowledged that the composite section strength of the BFRP rebar is heavily influenced by concrete strength; and is dependent on the admixtures, water content, and quality of sand and gravel used. As the concrete gets stronger the shear and compression stresses get higher and this leads to higher fracture bending moments.
Previously, only two studies have investigated the environmental impact of basalt aggregates in the production of concrete [22, 23] . To the authors' knowledge, no study has investigated both the mechanical and environmental performance of BFRP reinforcement bars in concrete. This study compares both of these aspects in a holistic approach. To start, the methodology for mechanical testing and life cycle assessment (LCA) are presented. Next, the strength and durability results from mechanical testing are presented, as well as the results from the LCA. The results are discussed together, in order to reflect on the mechanical and environmental findings in a holistic manner. Finally, concluding remarks and areas for further work are reported.
Methodology
The methodology section is divided into two parts. The first section documents the experimental procedure used for material testing, whilst the second section outlines aspects of the LCA methodology used.
Experimental procedure
Nine BFRP and three steel reinforced beams were tested in terms of strength and durability. The BFRP beams were pre-stressed and used 2 x 10mm diameter tendons. The basalt fibre tendons are glued with epoxy resin, and have a sanded finish to increase concrete bonding [24] . The BFRP pre-stressed beams were fastened with end anchors, and glued with threaded M24 bolts with steel plates at the end of the beams. Each tendon was pre-stressed to approximately 50% of its ultimate strength, as recommended by the ACI guidelines for FRP [25] . In comparison, steel wires are normally tensioned by up to 85% of their yield strength. The steel reinforcement tested was hot rolled B500 NC. The concrete strength was determined as the mean concrete strength of three tests on concrete cylinders carried out 28 days after casting, and averaged between 57.1 to 67.4 MPa for the BFRP and 31.4 MPa for the steel reinforced concrete. The average temperature in the lab was 20°C and relative humidity was 30% whilst the concrete was curing. The experimental setup and geometry of the beams are illustrated in Figure 1 . Tables 1 and 2 provide information on beam size, pre-stressing force (P) and total length to the point at which the shear force (F/2) is applied. All of the beams tested have the same equivalent amount of internal reinforcement, and a cross sectional area (A f ) of 156 mm 2 . The bending ratio for the beams is ρ = 0.0052. In all, five parameters are measured in the four-point bending test. Firstly, the maximum value of the shear force measured in a given test before fracture of concrete is referred to as V exp , whilst M at failure is the maximum bending moment in the beam mid-span which is calculated by multiplying V exp with a, the distance from the point load to the support. Thirdly, V cracking is the shear force at which micro cracking is initiated. Fourthly, deflection (Δ) corresponds to failure load for each beam. Finally, two strain gauges, 30mm in length, were glued onto the compression site (at the top of the section) in the mid-span of the beam, in order to observe maximum strains. These values are given per mille (‰).
Life cycle assessment methodology
The goal of the LCA is to ascertain the environmental impacts of BFRP and conventional steel reinforcement bars in concrete beams. This comparative LCA has been carried out according to ISO 14040: 2006 and EN 15804: 2012 [26, 27] . The functional unit (FU) is defined 'per reinforced concrete beam', and an overview of the beam dimensions, together with the material inventory are provided in Table 1 . Note that although nine BFRP and three steel reinforced beams are mechanically tested, the material inventory is the same for all steel reinforced beams, and can be divided into four inventories for the BFRP reinforced beams. A cradle-to-gate system boundary has been used, whereby 'raw material extraction and processing, processing of secondary material input (e.g. recycling processes), transport to the manufacturer, manufacturing' are included as part of the product stage [27] . The use stage is not assessed as emissions are expected to be close to zero in both scenarios. The end of life stage is not assessed as it is expected that the estimated service life of the beams will be more than 60 years. The LCA includes the acquisition of basalt rock from the mine, crushing basalt rock into fractures, transporting raw material to the factory and smelting basalt fractures in an electric furnace to create continuous basalt fibre (CBF). See Figure 2 for a more detailed diagram of the CBF production process. Epoxy resin is added to the CBF to extrude into pre-stressed BFRP tendons. The BFRP is then cast into concrete beams. Figure 3 depicts a flow diagram of the system boundary. Since specific manufacturer's data was not available for the resin composition used, it is assumed that 70% of the composite material is CBF and 30% epoxy resin. Life cycle inventory data has been collected from the Ecoinvent v3.1 database [28] . A Swiss process has been used for all concrete, and a European process has been used for reinforcing steel. Mass allocation is used for data collected on raw materials, energy, transport and direct emissions. The life cycle inventory model for BFRP production was developed in SimaPro Analyst v.8.0.5 [29] . For impact assessment, the ReCiPe Midpoint Hierarchist v1.11 method has been used, whereby all eighteen mid-point indicators have been assessed [30] . In order to quality assure emission findings, the results from the LCA will be compared against life cycle emission data from environmental product declarations (EPD) for steel reinforced concrete beams, reinforcement steel and pouring concrete, representative of a Nordic market. Furthermore, since it is assumed that 30% of the BFRP tendons are made from epoxy resin, a sensitivity analysis on resins will also be completed to ascertain the impact resin has on embodied emissions in BFRP. 
Results
The results section is divided into two parts. The first section presents the results from material testing, whilst the second section presents the results from the LCA.
Mechanical performance
The failure mode of the beams pre-stressed by BFRP tendons was due to bending-shear failure. As shown in Table  2 , the failure moment was nearly constant for all beams (from 23.1 to 30.6 kNm). The maximum shear force at failure varied depending on a/d ratio. This indicates that the a/d ratio has a significant effect on shear capacity although most shear equations in published standards and guidelines do not consider this. 
Environmental performance
The LCA results (see Table 3 and Figure 4) show that the 1200mm BFRP reinforced concrete beam performs better across all eighteen environmental indicators compared to the 1250mm steel reinforced concrete beam. The BFRP reinforced concrete beam experiences 14.7 kgCO 2eq /FU of climate change emissions, whilst the steel reinforced concrete beam experiences almost double the amount of embodied emissions at 23.7 kgCO 2eq /FU.
When emission factors from EPDs for precast steel reinforced concrete beams were implemented, it was found that the GWP product stage emissions ranged from between 25.1 to 27.9 kgCO 2eq /FU [31] [32] [33] . This is in-line with the findings of this study. However, when emission factors from EPDs for poured concrete [34] and 100% recycled reinforcement steel [35] were used, it was found that GWP emissions were at 11.3 kgCO 2eq /FU for steel reinforced concrete beams, compared to 14.6 kgCO 2eq /FU for a BFRP reinforced concrete beam of a similar size.
It was observed that the BFRP and reinforcement steel datasets have similar emission factors: 2.6 and 2.34 kgCO 2eq /kg respectively. However, since BFRP has a lower specific weight to steel, and is three times lighter, the overall embodied emissions are much lower in BFRP reinforced concrete beams. In the BFRP reinforced concrete beams, the largest contributor to emissions was concrete (93.7%), followed by resin (5.5%), furnace electricity consumption (0.4%), mining and transport (0.4%). In the steel reinforced concrete beams, the largest contributor to emissions was concrete (56.2%), followed by steel (43.8%).
When considered without concrete, the BFRP GWP results showed the largest contributor to embodied emissions was resin (86.8%), followed by furnace electricity consumption (6.7%), mining (6.3%) and transport (0.1%). It was found that epoxy resin has an emission factor of 6.73 kgCO 2eq /kg. In contrast, polyester resin has an emission factor of 7.64 kgCO 2eq /kg whilst organic chemicals emit 1.99 kgCO 2eq /kg. This range of emission factors resulted in a GWP result for BFRP tendons that ranged from 0.9 to 2.6 kgCO 2eq /kg. When the resin quantity was adjusted from 20 to 40%, GWP emissions ranged from 1.67 to 2.98 kgCO 2eq /kg. 
Discussion
For the first time, a holistic evaluation, combining both mechanical and environmental impact criteria, has been used to assess and compare two reinforcement materials for concrete beams namely steel rebar, which is traditionally used, and BFRP as an innovative rebar alternative. It should be noted that the latter has never been assessed with respect to both mechanical and environmental performance, as the only known publications dealing with environmental impact of basalt consider basalt aggregates used during the production of concrete [22, 23] . Two standardised methodologies have been used to assess and compare the mechanical and environmental performance of BFRP rebar and steel rebar in concrete beams; namely the mechanical experimental procedure and life cycle assessment. Nevertheless, these two methodologies are distinct and independent from one another. For example, although the mechanical testing results show that BFRP rebar has twice the strength of steel rebar, this is not reflected in the material inventory for LCA. In the future, the link between mechanical and environmental methodologies could be strengthened by using mechanical testing to design reinforced concrete, in order to optimise material use, and consequently reduce the amount of embodied material emissions measured in LCA.
The mechanical results show that strength is high for BFRP rebar, whereby tension strength is about twice the tension strength of steel reinforcement for the same cross section area. The drawback is the elastic modulus, which is only 50-80 GPa for BFRP tendons compared to 200 GPa for steel. This means that the full potential strength of BFRP was not reached especially when concerning crack widths and deflections. Essentially, BFRP reinforcement bars are purely elastic, with max elongation of around 3-4%. If the bars are unloaded, the elongation goes down to zero. For steel reinforcement bars, the elastic zone is up to 0.2%, whereby from that point it behaves like plastic.
The results show that BFRP pre-stressed beams without shear reinforcement are vulnerable to transverse loading even if the a/d ratio is high. A comparison of the experimental results show that the shear force and bending moment distribution along the span, as well as the slenderness of the beams needs to be considered in order to determine the shear capacity with accuracy and ensure safety.
The LCA results show that the 1200mm BFRP reinforced concrete beam performs significantly better across all eighteen environmental indicators compared to the 1250mm steel reinforced concrete beam. In terms of GWP, there is a 62% saving in climate change emissions when BFRP reinforcement is chosen over conventional steel.
When the BFRP environmental results are compared to EPD data, there are two core findings. Firstly, EPDs for precast steel reinforced concrete beams have a similar amount of GWP emissions, ranging from 25.1 -27.9 kgCO 2eq /FU, compared to the steel reinforced concrete beams tested in this study, 23.7 kgCO 2eq /FU. Secondly, when the EPD data is replaced with in-situ pouring concrete and 100% recycled steel, embodied emissions are significantly reduced to 11.3 kgCO 2eq /FU. This result is competitive with the BFRP reinforced concrete beam that experiences 14.6 kgCO 2eq /FU. It was observed that both the BFRP tendons and reinforcement steel have similar emission factors: 2.6 and 2.34 kgCO 2eq /kg respectively. However, since BFRP has a lower specific weight to steel, and is three times lighter, the overall embodied emissions are much lower in the BFRP reinforced concrete beams. This is because less material (per kg) is required to perform the same function.
In this study, the same quantity of concrete was used for both steel and BFRP reinforced concrete beam scenarios. It is thought that thinner concrete members could be implemented in the BFRP scenarios, since the mechanical results show that BFRP is much stronger than conventional steel reinforcement. This would lead to an overall reduction in material consumption, which would also lead to lower embodied material emissions. However, this aspect needs to be evaluated in conjunction with shear capacity in order to avoid transverse loading. Another measure to reduce the impacts originating from concrete could be to use a low carbon concrete alternative in both scenarios.
When considered without concrete, the LCA results showed the largest contributor to BFRP emissions was resin (86.8%), followed by furnace electricity consumption (6.7%), mining (6.3%) and transport (0.1%). It was therefore ascertained that the LCA results are sensitive to the type and quantity of resin used. When the type of resin was investigated, the BFRP LCA results varied by 65%. In addition, the results varied by 44% when the amount of resin was investigated. These results indicate that the amount of embodied emissions arising from resin are a significant driver of high emissions in BFRP tendons. This also indicates an area for optimisation in the future. BFRP manufacturers could therefore experiment with the composition and quantity of resin required during the BFRP production process with a view to reduce embodied emissions.
Conclusion
The findings have shown that BFRP rebar is a stronger and lighter alternative to steel reinforcement in concrete beams, and that it is a very promising building material for the future. Furthermore, fewer material and energy resources are required during the production process, which leads to a better environmental profile with fewer embodied emissions. In contrast, the mechanical testing part of this experiment showed that the BFRP reinforcement has a lower elastic module than steel reinforcement. This disadvantage leads to excessive deformation at service limit state compared to steel bars, if the same cross-section area is used. However, compared to steel, BFRP does not exhibit yielding during tension.
When the BFRP environmental results were compared to EPD data, there were two core findings. Firstly, EPDs for precast steel reinforced concrete beams have a similar amount of GWP emissions, ranging from 25.1 -27.9 kgCO 2eq /FU, compared to the steel reinforced concrete beams tested in this study, 23.7 kgCO 2eq /FU. Secondly, when the EPD data for precast beams was replaced with EPD data for in-situ pouring concrete and 100% recycled steel, embodied emissions were significantly reduced to 11.3 kgCO 2eq /FU. This result is competitive with the BFRP reinforced concrete beam that experiences 14.6 kgCO 2eq /FU. These results highlight the environmental benefits to be gained from precast BFRP reinforced concrete beams. It is likely that the future market for basalt rebar will be within the precast industry rather than in on-site construction. This is because the handling of thinner and lighter precast basalt reinforced concrete members will be quicker and easier to install on-site than steel. This is advantageous from an environmental perspective, since precast BFRP concrete beams experience approximately half the emissions of precast steel reinforced concrete beams.
Another core finding was that both the BFRP tendons and reinforcement steel have similar emission factors: 2.6 and 2.34 kgCO 2eq /kg respectively. However, since BFRP has a lower specific weight to steel, and is three times lighter, the overall embodied emissions are much lower in the BFRP reinforced concrete beams. This is because less material (per kg) is required to perform the same function.
When considered without concrete, the LCA results showed the largest contributor to BFRP emissions was resin (86.8%). It was therefore ascertained that the LCA results are sensitive to the type and quantity of resin used, and that the amount of embodied emissions arising from resin are a significant driver of high emissions in BFRP tendons. This finding highlights an area for optimisation in the future. BFRP manufacturers could therefore experiment with the composition and quantity of resin required during the BFRP production process with a view to reduce embodied emissions. The development of new environmentally friendly resins could then be applied to all FRP composite materials.
In this study, the same quantity of concrete was used for both steel and BFRP reinforced concrete beam scenarios. It is thought that thinner concrete members could be implemented in the BFRP scenarios, since the mechanical results show that BFRP is much stronger than conventional steel reinforcement. This study highlights that BFRP is an advantageous construction material, and more specifically beneficial as a reinforcement material in concrete beams. The study highlights that BFRP may also be suitable in other construction applications, such as prefabricated sandwich panels, that require thin concrete facades and thin structural cores. It is expected that using BFRP in thinner concrete sections will have similar, low environmental emissions compared to conventional steel reinforced concrete elements. It is recommended that further work involves the investigation of thinner concrete members in BFRP reinforced elements, to find out which thickness is required for given performances. This body of work could help the future development of design guidelines and codes for BFRP in construction.
